INTRODUCTION
============

Various mutagenic DNA adducts can compromise replication fidelity, causing mutations in proto-oncogenes or tumor suppressors that can lead to cancer ([@B1],[@B2]). Often these adducts block the replicative polymerase, and low-fidelity bypass polymerases are called upon to extend past the distorting DNA damage ([@B3; @B4; @B5; @B6]). One such error-prone bypass polymerase is human DNA polymerase ι (polι), a member of the Y-family of damage bypass polymerases ([@B5],[@B7; @B8; @B9]). Polι is unique among DNA polymerases discovered to date in its exceptionally low fidelity and processivity ([@B8],[@B10],[@B11]). In addition, polι is the only polymerase that shows greatly different error rates dependent upon the templating base when replicating undamaged DNA. dT is inserted opposite templating dA with relatively high accuracy, while dG is preferred to dA opposite templating dT ([@B8],[@B10],[@B12]). Though polι is unique in many ways, its biological role remains a subject of ongoing investigation ([@B13]).

The first crystal structure of polι showed that Hoogsteen base pairing is used in the active site of the polι ternary complex, comprised of the enzyme, an undamaged dA as the templating base, and an incoming dTTP ([@B14]). Ternary structures with templating dG and binary complexes with templating dA and dG without incoming dNTP soon followed, showing Hoogsteen base pairing (templating base *syn*) in the ternary structures and *anti* templating bases in the binary structures ([@B15],[@B16]). These structures suggested a mechanism in which steric hindrance caused by the incoming nucleotide forces templating purine bases to rotate from the *anti* to the *syn* glycosidic bond conformation in order to form a Hoogsteen base pair ([@B15]). Recently, the first polι crystal structures with a templating *anti* dT showed that the incoming dATP can then adopt the *syn* conformation instead ([@B17]). The polymerase active site holds the sugar of the templating base in a hydrophobic pocket formed by residues Gln59, Lys60 and Leu62. This limits the space between the sugars of the templating base and the incoming dNTP such that a Watson--Crick base pair, with a C1′ to C1′ distance of ∼10.6 Å ([@B18]), cannot be accommodated without an adjustment of the polymerase. A Hoogsteen pair has a shorter C1′ to C1′ distance of ∼8.6 Å ([@B18]), and can fit in the active site of the ternary complex without steric clashes.

Hoogsteen base pairing with templating dG reverses the position of the *N^2^* and C8 atoms, both of which are sites for covalent linkage of DNA adducts; *N^2^* moves from the minor groove side to the major groove side of the nascent B-DNA helix, while C8 moves from the major groove side to the minor groove side. Polι ternary complexes show that the major groove side of the nascent helix is spacious and solvent-exposed, while there is little space between the polymerase and the DNA on the minor groove side ([@B14; @B15; @B16; @B17],[@B19]). Thus, Hoogsteen base pairing would move guanine *N^2^* adducts from the cramped minor groove side of the helix to the spacious major groove side. In primer extension experiments with a variety of dG-*N^2^* adducts, polι is able to incorporate the correct partner opposite the damaged base with varying efficiencies ([@B20; @B21; @B22; @B23; @B24]), supporting this hypothesis. A crystal structure of a ternary complex of polι with a dG-*N^2^* adduct shows the *N^2^*-ethylguanine adduct placed on the spacious major groove side ([@B24]), and biochemical experiments provide further support for this hypothesis ([@B25],[@B26]). Polι may deal with bulky adducts on C8 of dG in an analogous fashion, accommodating a conformation that keeps bulky lesions away from the cramped minor groove side of the protein. Simulations from our laboratory suggest that a dG-C8 acetylaminofluorene adduct is well positioned on the spacious major groove side with Watson--Crick base pairing between the damaged template and the incoming dCTP ([@B27]).

Adenine adducts present a different case. In the case of dA-*N^6^* adducts, the adduct is placed on the spacious major groove side in both Hoogsteen and Watson--Crick base pairs. Ethenoadenine adducts that interfere with Watson--Crick bonding have been shown to form a Hoogsteen pair with incoming dTTP in a polι ternary complex ([@B28]). However, N3-methyladenine lesions in polι may be unable to form a Hoogsteen pair due to a clash between the methyl group and the DNA backbone ([@B29]); yet polι can bypass this lesion with incorporation of dT ([@B30]), leaving open the possibility that a Watson--Crick base pair may be employed. Recent kinetic analyses utilizing incoming dNTPs containing base analogs suggest that templating dC may use Watson--Crick base pairing to select dGTP ([@B31]). Thus polι may be able to use either Hoogsteen or Watson--Crick base pairing with differing templates, lesions and incoming dNTPs.

Benzo\[*a*\]pyrene (BP) is a well-studied model pre-carcinogen found in by-products of incomplete combustion, including tobacco smoke and automobile exhaust among others ([@B1]). Mirror image pairs of (±)*syn-* and (±)*anti-*benzo\[*a*\]pyrene diol epoxides (BPDEs) are products of BP metabolic activation through the predominant diol epoxide metabolic activation pathway ([@B32]), though other pathways have been identified ([@B33],[@B34]). These diol epoxides can then react by *cis-* or *trans-*epoxide ring opening, covalently bonding to the exocyclic *N^2^* group of guanine or *N^6^* group of adenine ([@B35; @B36; @B37]). Here, we have investigated adenine lesions derived from *trans* opening of 7*r*,8*t*-dihydroxy-*t*9,10-epoxy-7,8,9,10-tetrahydrobenzo\[*a*\]pyrene \[(+)*anti*-BPDE\], the most frequent product of the BPDE metabolic activation pathway as well as the most carcinogenic metabolite ([@B32],[@B38]). This results in the 10*S*-(+)-*trans-anti*-\[BP\]-*N^6^-*dA (BP-dA) adduct, the subject of this study ([Figure 1](#F1){ref-type="fig"}A). This adduct has been demonstrated to be mutagenic in *E. coli* ([@B39],[@B40]), and to be inducing miscoding in primer extension studies with various DNA polymerases ([@B20],[@B40],[@B41]). Figure 1.Adduct structure and DNA sequences studied. (**A**) Structure of the (+)-*trans-anti*-\[BP\]-*N^6^-*dA lesion (BP-dA). χ: O4′-C1′-N9-C4; α′: N1-C6-*N^6^*-C10; β′: C6-*N^6^*-C10-C9. (**B**) DNA sequences used in this study. A\* designates the BP-dA lesion.

The present study was motivated by an interest in investigating the relatively error-free bypass of BP-dA by polι observed in certain sequence contexts. Frank *et al*. ([@B41]) have investigated the 10*S*-(+)-*trans-anti*-\[BP\]-*N^6^-*dA lesion (among others) in primer extension assays with polι in two sequence contexts: SeqI (template 5′-CAGA\*TTTAGAGTCTGC-3′), a mutational hotspot from the *E. coli supF* gene, and SeqII (template 5′-TTTA\*GAGTCTGCTCCC-3′), a mutational cold spot from the same gene ([Figure 1](#F1){ref-type="fig"}B) ([@B41],[@B42]). A\* represents the modified adenine. While polι predominantly incorporates the correct partner dT in both SeqI and SeqII, SeqII misincorporates dG with ∼14-fold higher efficiency than SeqI ([@B41]). In both sequences, extension beyond the lesion is severely inhibited, though addition of polκ substantially increases extension ([@B41]). This inability to extend from a lesion after incorporating a base opposite it is a hallmark of polι, with other studies also showing the requirement for a second polymerase to extend from various lesions ([@B12],[@B21],[@B43]). In a 5′-GACA\*AG-3′ sequence context, polι appears to be more mutagenic during bypass of the BP-dA adduct than in the 5′-TTTA\*GA-3′ and the 5′-CAGA\*TT-3′ sequences; however, the kinetic parameters have not been evaluated for this case ([@B20]). In the present study, we investigate the structural underpinnings of the relatively error-free bypass of a BP-dA lesion by polι in the two sequences employed in Frank *et al*. ([@B41]) using molecular modeling and 20 ns of molecular dynamics (MD) simulations.

We constructed initial models of the damaged BP-dA ternary complexes in each sequence with two sets of α′, β′ orientations for the lesion ([Figure 1](#F1){ref-type="fig"}A), both *anti* and *syn* glycosidic bond templating dA conformations, and all four incoming dNTPs ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). We also simulated unmodified *syn* dA in both sequence contexts, with all 4 incoming dNTPs, as well as unmodified *anti* dA with incoming dTTP. Finally, in order to investigate the state of the active site prior to entrance of the dNTP, we simulated binary complexes with *anti* templates as observed in the binary complex crystal structures ([@B15]), with and without the BP lesion, in both sequences. The binary complex BP initial structures were modeled with both α′, β′ orientations of the lesion employed in the damaged ternary complex simulations above. Thus, we ran 56 simulations in total.

In the SeqI undamaged control binary complex simulation with *anti* template, we observed several hydrogen bonds that maintain a normal binary complex active site with the templating base anchored in the *anti* conformation. This facilitates correct incorporation of dT via a Watson--Crick pair. The SeqII undamaged control binary complex simulation with *anti* template shows the damaged templating base shifted toward the major groove, which would lower the barrier to rotation around the glycosidic bond to a *syn* conformation, facilitating incorporation of dT via a Hoogsteen base pair. Furthermore, this more-open binary complex active site might explain the observed enhanced misincorporation of dG relative to the other sequence. These results further expand our understanding of the versatility and flexibility of polymerase ι and its possible lesion bypass functions in humans.

MATERIALS AND METHODS
=====================

Molecular modeling of initial unmodified control structures for MD
------------------------------------------------------------------

### Ternary complexes

We used the polι ternary complex crystal structure containing a dA-dTTP Hoogsteen base pair \[PDB ([@B44]) ID: 2FLL ([@B15])\] as the basis for our initial *syn* dA unmodified models. Missing loops containing residues 371 to 378 and residues 395 to 403 were modeled with the program 'Modeller' ([@B45],[@B46]) on the Modloop web server ([@B47]). The DNA sequences were taken from primer extension experiments performed in Frank *et al*. ([@B41]) and modeled into the crystal structure using the InsightII 2005 software package (Accelrys Inc.). The coordinates with PDB ID: 2FLL contained 8 residues on the templating strand and 6 residues on the primer strand. To model the Frank *et al*. sequences ([@B41]), 16 template residues and 12 primer residues were required ([Figure 1](#F1){ref-type="fig"}B). The added residues were modeled into the crystal structure with standard B-DNA geometry. The base of the incoming dNTP was remodeled in order to create starting models for all four incoming dNTPs in each sequence. These structures were used as our unmodified controls for the ternary complex simulations. *Anti* dA unmodified initial structures were constructed by replacing the BP lesion from the most representative structure of the last cluster of the modified *anti* BP-dA/dTTP simulations with a hydrogen (See below for details of clustering, most representative structures and BP-dA simulations).

### Binary complexes

Binary unmodified control structures were constructed by removing the incoming nucleotide from the dA-dTTP unmodified control initial structures for each sequence and changing the glycosidic torsion of the templating dA to *anti*.

Molecular modeling of initial BP-dA structures for MD
-----------------------------------------------------

### Ternary complexes

The initial unmodified control structures with *syn* template (details above) for both sequences and all four incoming dNTPs were used as the basis for initial BP-dA structures. The glycosidic bond conformation of the BP-dA was *syn*, and all incoming dNTPs retained the *anti* glycosidic bond conformation of the crystal structure. Next, a BP moiety was modeled into the unmodified dA-dTTP structures for each sequence and a conformational search was performed to find optimal α′ and β′ linkage torsion angles ([Figure 1](#F1){ref-type="fig"}B) for the initial structures with minimal collisions. For this purpose, the α′ and β′ torsion angles were surveyed over their 360° range at 10° intervals starting at 5°, for a total of 1296 structures created for each sequence. These structures were evaluated for steric clashes with the bumpcheck utility of InsightII (Accelrys Inc.), and the structures with the fewest close contacts in each sequence were selected. In order to fully explore the possible conformations of the ternary complexes, we created a second set of structures with the glycosidic torsion angle χ of the templating dA in the *anti* conformation ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)) and repeated the search for optimal structures. In this case, both *syn* and *anti* incoming dNTP conformations were investigated. Specifically, pyrimidine dNTPs were only studied in the *anti* conformation, since pyrimidines rarely adopt the *syn* domain ([@B48]), while both *syn* and *anti* purine dNTPs were examined. While the optimal α′, β′ combinations differed in the 5′-GA\*TT-3′ sequence (SeqI) and the 5′-TTTA\*GA-3′ sequence (SeqII), for more thorough exploration of the conformational possibilities for the BP moiety, initial models were constructed for both sets of α′, β′ combinations in each sequence; this was done for both *syn* and *anti* damaged templates ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Thus, a total of (2 sequences × 4 incoming *anti* dNTPs × 2 initial χ values × 2 initial BP α′, β′ combinations + 2 sequences × 2 incoming *syn* purines × 2 initial BP α′, β′ combinations) 40 initial modified ternary complexes were constructed for the MD simulations.

### Binary complexes

The binary complex BP-dA modified initial structures were created by adding BP moieties to the unmodified binary controls with the 2 initial sets of BP α′, β′ combinations used in the ternary complexes, for a total of (2 sequences × 2 initial BP α′, β′ combinations) 4 initial modified BP-dA binary complexes ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)).

Including both *syn* template and *anti* template unmodified controls and BP-dA structures 50 ternary initial structures and 6 binary initial structures were modeled and 20 ns MD performed.

Ternary complex BP-dA trajectory analysis
-----------------------------------------

Because of the large number of ternary complex BP-dA simulations, we utilized a three-stage procedure to analyze the structures: (i) we analyzed all 40 BP-dA ternary complex trajectories for Mg^2+^ coordination, base stacking energy estimates, χ, α′ and β′ torsion angle values, hydrogen bond occupancies between the BP-dA and the enzyme, DNA, and incoming dNTP, C1′--C1′ distance, Pα-O3′ distance, and Pα-O3′ attack angle; (ii) the binary complex results showed that SeqI would maintain an *anti* orientation for the templating base due to several hydrogen bonds involving the BP-dA, one of which is sequence specific. In SeqII the templating BP-dA is more flexible, and thus able to sample both *syn* and *anti* conformations. Therefore, we further analyzed only *anti* template simulations for SeqI, and both *anti* and *syn* simulations for SeqII for each dNTP/sequence combination; (iii) we then selected one most favored trajectory from the *anti* SeqI and the *syn* and *anti* SeqII simulations for each incoming dNTP/sequence combination; this selection was based upon the number and occupancy of hydrogen bonds between the templating BP-dA and the incoming dNTP and using the C1′--C1′ distance as a tiebreaker, with preference given to shorter distances. This selection was guided by the fact that Y-family polymerases such as polι have a relatively spacious active site and therefore use hydrogen bonding to promote fidelity ([@B6],[@B49],[@B50]), and also that polι encourages a short C1′--C1′ distance ([@B15]). Selections are shown in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). Note that all purine--purine mismatches involve a *syn*/*anti* pairing, as is to be expected from polι's preference for a short C1′--C1′ distance. The structures selected by this three-stage procedure were then clustered (see below). The most representative structures (see below) for each cluster within the trajectories were obtained and further analyzed visually. Full details of all stages of these analyses are presented below. In addition, active site figures and brief descriptions of BP-dA ternary complex structures with *syn* templates in the 5′-CAGA\*TT-3′ sequence (SeqI) and *anti* templates in the 5′-TTTA\*GA-3′ sequence (SeqII) are presented as [Supplementary Figures S31--S38](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). For these figures, we selected the most favored *syn* structure for each incoming dNTP in the 5′-GA\*TT-3′ sequence (SeqI), and the most favored *anti* structure for each incoming dNTP in the 5′-TA\*GA-3′ sequence (SeqII). These figures are of the active sites from the most representative structure of the last cluster of each simulation.

Force field
-----------

The Cornell *et al*. force field ([@B51]) with modifications ([@B52],[@B53]) and the parm99sb parameter set ([@B54],[@B55]) modified by parmbsc0 ([@B56]) were employed for all simulations. For the BP-dA modified nucleoside partial charge calculations, a multiconformational protocol was employed using all of the initial models' α′, β′ and χ combinations as inputs ([Figure 1](#F1){ref-type="fig"}B, [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)) ([@B57],[@B58]). Partial charges for the BP-dA were calculated with the HF method and the 6-31G\* basis set ([@B59]) using Gaussian 03 ([@B60]), and the restrained electrostatic potential fitting algorithm RESP ([@B61],[@B62]) was employed to fit the charge to each atom center ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). All dNTP charges were taken from previous work ([@B63]). Parameters for atom types not found in the PARM99 parameter set were taken from the GAFF ([@B64]) parameter set or developed by analogy to chemically similar atom types in the PARM99 and GAFF parameter sets ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)).

MD protocol
-----------

All minimizations and MD simulations used the PMEMD module of the 'Amber 9' software suite ([@B65]). The LEaP module of 'Amber 9' was used to add hydrogen atoms and neutralize the system with sufficient Na^+^ atoms to bring the net charge to zero. Hydrogen atoms of the solute (DNA, polymerase and incoming dNTP) were minimized with implicit solvent using a distance-dependent dielectric function of ε = 4.0*r* (where *r* is the distance between an atom pair) for 600 steps of steepest descent, followed by 600 steps of conjugate gradient. The resulting ternary complex was reoriented with SIMULAID ([@B66]) to minimize the number of water molecules needed to solvate the system. A periodic TIP3P ([@B67]) rectangular water box with a buffer distance of 10 Å between each wall and the closest solute atom in each direction was added with the LEaP module of 'Amber 9'. Box dimensions were approximately 80 Å × 80 Å × 95 Å, with a total of ∼14 400 water molecules.

All systems employed the following equilibration and MD protocols: (i) minimization of the counterions and solvent molecules for 2500 steps of steepest descent and 2500 steps of conjugate gradient, with 50 kcal/mol restraints on the solute atoms; (ii) 30 picoseconds (ps) initial MD at 10 K with 25.0 kcal/mol restraints on the solute to allow the solvent to relax; (iii) heat-up from 10 to 310 K (37°C) at constant volume over 30 ps with 10 kcal/mol restraint on the solute; (iv) 30, 40 and 50 ps MD at 1 atm and 310 K with decreasing restraints of 10, 1 and 0.1 kcal/mol, respectively, on solute atoms; and (v) production MD was conducted at 1 atm, 310 K for 20 ns, with 1 ps coupling constants for both pressure and temperature.

In all MD simulations, long-range electrostatic interactions were treated with the particle mesh Ewald method ([@B68],[@B69]). A 9 Å cutoff was applied to the non-bonded Lennard--Jones interactions. The SHAKE algorithm ([@B70]) was applied to constrain all bonds involving hydrogen atoms with a relative geometrical tolerance of 10^−5^ Å. Langevin dynamics with the collision frequency γ set to 5.0 ps^−1^ ([@B71]) were used for equilibration (steps ii--iv, above), and the Berendsen coupling algorithm ([@B72]) was used for temperature scaling in the production MD simulations (step v, above). A 2-femtosecond (fs) time step was used, and the translational/rotational center-of-mass motion was removed every 0.5 ps ([@B73]).

All simulations showed reasonable stability after ∼2.5 ns. This was evaluated by inspecting the RMSD of the active site (defined as all residues having atoms with 8.0 Å of any atom in the nascent base pair) as compared to the initial state after equilibration over time ([Supplementary Figures S1D--S22D](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Therefore, all analyses presented here were performed on the final 17.5 ns of the trajectories. The ptraj module of 'Amber 9' ([@B65]) was used to collect ensemble average values of distances and angles, and the anal module of 'Amber 6' ([@B74]) was used to evaluate the van der Waals interaction energies as an estimate of base stacking energies; these were evaluated for the incoming dNTP with the primer terminal base (base 17) and the templating base with base 12 ([Figure 1](#F1){ref-type="fig"}B).

Trajectory clustering
---------------------

The algorithm we implemented to cluster our trajectories has been previously described as quality threshold clustering in the context of clustering DNA sequences ([@B75]), and has also been employed in *de novo* protein structure prediction ([@B76]). This algorithm places all structures that are within a certain RMSD cutoff of each other into a cluster. The cluster with the most members is kept, and all members of that cluster are taken out of consideration in further rounds to ensure that each frame is in only one cluster. This process is repeated until the largest cluster has less than 500 members.

We have selected this algorithm for the purpose of clustering frames from MD trajectories, a new application as far as we are aware. The algorithm does not require the user to supply the number of clusters *a priori*. In addition, not all structures are placed in a cluster. If a given structure is too far from all other structures, it will remain outside of all other clusters. This should allow us to form clusters that represent the troughs of the energy landscape. This combination of features is particularly useful for analyzing MD simulations, providing a valuable addition to other available algorithms used for this purpose ([@B77],[@B78]).

Most representative structures
------------------------------

The most representative structures for each cluster are the structures that have the lowest active site RMSD to all other structures in the cluster. These most representative structures for each cluster were collected for each trajectory and compiled into the animations available as [Supplementary Movies S1--S22](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). For illustration purposes only, the most representative structures from the last cluster in each trajectory (or one nearby where specified) were used for [Figures 2--4](#F2 F3 F4){ref-type="fig"} and [Supplementary Figures S1--S38](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). However, full-scale trajectory analyses were performed for the entire ensembles from 2.5 ns to 20 ns for those simulations that met our selection criteria. Figure 2.Binary BP-dA active site structures. The most representative structures from the last cluster of each trajectory have been selected for illustrative purposes (see 'Materials and Methods' section for details). Color code: Fingers domain, magenta; palm domain, blue; thumb domain, orange; little finger domain, green; Mg^2+^, purple. The nascent base pair and previously incorporated base pair are colored by atom: carbon, green; oxygen, red; nitrogen, blue; hydrogen, white; phosphorus, magenta. The BP lesion is red, the other DNA is gray. The base numbering is as shown in [Figure 1](#F1){ref-type="fig"}B. Bases 14--16 in the single-stranded overhang are not shown for clarity. [Figure 2](#F2){ref-type="fig"}A and B are derived from a trajectory snapshot selected from snapshots within 100 frames of the most representative structure of the last cluster. This was done to better illustrate important active site features not clearly displayed in the most representative structure of the last cluster. (**A**) SeqI binary complex active site, major groove view. The binary complex is well ordered, with normal template base stacking and position. The BP rings are oriented in the 5′ direction of the modified strand. A stereo version can be found in [Supplementary Figure S25](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), and a movie of the most representative structures from each cluster can be seen in [Supplementary Movie S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). (**B**) SeqI binary complex active site, top view. The templating base is intrahelical and stacks well with dT-12 and dA-17. Note the following hydrogen bonds that stabilize the 5′ orientation of the BP rings: BP-dA O7H...BP-dA N7; BP-dA O8H...dA-17 *N^6^*; BP-dA *N^6^*...dA-17 N7. (**C**) SeqII binary complex active site, major groove view. The BP rings are oriented 3′ along the modified strand, stacking against the major groove face of the DNA. This pulls the templating base toward the major groove, disrupting base stacking and opening the active site. A stereo version can be found in [Supplementary Figure S26](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), and a movie of the most representative structures from each cluster can be seen in [Supplementary Movie S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). (**D**) SeqII binary complex active site, top view. The templating base is displaced toward the major groove side of the nascent double helix, creating a more spacious active site which would decrease the barrier to rotation around the glycosidic bond. No hydrogen bonds are formed between the BP-dA and the surrounding sequence. Figure 3.Incoming dTTP BP-dA ternary structure active sites. The most representative structures from the last cluster of each trajectory have been selected for illustrative purposes (see 'Materials and Methods' section for details). Insets show overhead views of the nascent base pair and the pair formed by base 12 and base 17 (numbering shown in [Figure 1](#F1){ref-type="fig"}B). Color code: Fingers domain, magenta; palm domain, blue; thumb domain, orange; little finger domain, green; Mg^2+^, purple. The nascent base pair, the pair formed by base 12 and base 17 and the 5′ overhang are colored by atom: carbon, green; oxygen, red; nitrogen, blue; hydrogen, white; phosphorus, magenta. The BP lesion is red, other DNA is gray. (**A**) Sequence I incoming dTTP ternary structure active site, major groove view. The incoming dTTP forms a normal Watson--Crick base pair with the templating BP-dA, with two hydrogen bonds and a C1′--C1′ distance of 10.6 Å. A stereo version can be found in [Supplementary Figure S27](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), and a movie of the most representative structures from each cluster can be seen in [Supplementary Movie S15](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). (**B**) Sequence I incoming dTTP ternary structure active site, top view. (**C**) Sequence II incoming dTTP ternary structure active site, major groove view. The incoming dTTP forms a normal Hoogsteen base pair with the templating BP-dA. The active site is well organized, with two Hoogsteen hydrogen bonds and a C1′--C1′ distance of 8.9 Å. A stereo version can be found in [Supplementary Figure S28](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), and a movie of the most representative structures from each cluster can be seen in [Supplementary Movie S16](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). (**D**) Sequence II incoming dTTP ternary structure active site, top view. Figure 4.Incoming dGTP BP-dA ternary structure active sites. The most representative structures from the last cluster of each trajectory have been selected for illustrative purposes (see 'Materials and Methods' section for details). Insets show overhead views of the nascent base pair and the pair formed by base 12 and base 17 (numbering shown in [Figure 1](#F1){ref-type="fig"}B). Color code: Fingers domain, magenta; palm domain, blue; thumb domain, orange; little finger domain, green; Mg^2+^, purple. The nascent base pair, the pair formed by base 12 and base 17, and the 5′ overhang are colored by atom: carbon, green; oxygen, red; nitrogen, blue; hydrogen, white; phosphorus, magenta. The BP lesion is red, other DNA is gray. (**A**) Sequence I incoming dGTP ternary complex structure active site, major groove view. The bulk of the incoming dGTP causes the templating BP-dA to move out of the active site, with an average C1′--C1′ distance of 12.2 Å. This increased distance results in the loss of hydrophobic contacts between the sugar of BP-dA and protein residues Gln59, Lys60 and Leu62. In addition, there are no hydrogen bonds between the incoming dGTP and BP-dA. A stereo version can be found in [Supplementary Figure S29](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), and a movie of the most representative structures from each cluster can be seen in [Supplementary Movie S21](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). (**B**) Sequence I incoming dGTP ternary complex structure active site, top view. (**C**) Sequence II incoming dGTP ternary complex structure active site, major groove view. The templating BP-dA twists to accommodate the incoming dGTP while maintaining a relatively short C1′--C1′ distance of 10.6 Å. The sugar of the templating base is held by residues Gln59, Lys60 and Leu62. One bifurcated hydrogen bond is present between N1 on the incoming dGTP and *N^6^* and N7 on the BP-dA, with a second hydrogen bond between BP-dA *N^6^* and dG-12 *O^6^*. A stereo version can be found in [Supplementary Figure S30](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), and a movie of the most representative structures from each cluster can be seen in [Supplementary Movie S22](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). (**D**) Sequence II incoming dGTP ternary complex structure active site, top view.

RESULTS
=======

We performed simulations with both damaged and undamaged binary and ternary complexes and both *syn* and *anti* templating dA/BP-dA. Damaged BP-dA ternary complex simulations included all four incoming dNTPs, and both *syn* and *anti* glycosidic bond conformations for the templating base as well as two different initial α′, β′ combinations ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Pyrimidine dNTPs were only studied in the *anti* conformation, since pyrimidines rarely adopt the *syn* domain ([@B48]), while both *syn* and *anti* purine dNTPs were examined. All simulations were performed in both sequence contexts ([Figure 1](#F1){ref-type="fig"}B) with all other initial conditions identical. Damaged BP-dA binary complex simulations with *anti* templating BP-dA were performed with both initial α′, β′ combinations used in the ternary complex BP-dA simulations in both 5′-GA\*TT-3′ (SeqI) and 5′-TA\*GA-3′ (SeqII) sequence contexts. We also performed unmodified binary control simulations with *anti* templating dA, and unmodified ternary control simulations with *syn* templating dA with all four incoming dNTPs as well as *anti* templating dA with incoming dTTP; these simulations were performed in both sequence contexts. A total of 56 simulations were performed. Simulations were equilibrated and then run for 20 ns of production MD, and analyzed as described in 'Materials and Methods' section.

Binary complex unmodified control simulations show the expected *anti* conformation
-----------------------------------------------------------------------------------

The binary complex simulations with an unmodified *anti* templating dA showed normal active site organization. The templating base stacks very well with base 12 ([Figure 1](#F1){ref-type="fig"}B), with average estimated Van der Waals stacking energies of −12.03 kcal/mol for the 5′-GA\*TT-3′ sequence (SeqI) and −12.83 kcal/mol for the 5′-TA\*GA-3′ sequence (SeqII) ([Supplementary Figures S1 and S2](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The lower energy of SeqII is due to the difference in the identity of base 12: dT in SeqI, and dG in SeqII. The purine--purine stacking interaction has more overlapping surface area, and thus lower energy. The primer terminus is correctly paired with base 12 in both simulations, and the simulations are very stable, showing little deviation over the course of the trajectory ([Supplementary Movies S1 and S2](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figures S1 and S2](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The templating base is in the correct position and orientation to hydrogen bond with an incoming dTTP in both sequences.

In binary complex BP-dA simulations with *anti* templating base, both blocking and nonblocking BP conformations are observed for each sequence
----------------------------------------------------------------------------------------------------------------------------------------------

We performed 20 ns simulations on four BP-dA damaged binary complex models, examining two different initial α′, β′ combinations for the lesion in each sequence ([Figure 1](#F1){ref-type="fig"}B, [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In these structures, the templating base was placed in the *anti* domain of χ in accordance with the binary crystal structures of polι ([@B15]). In our simulations in both sequences, one of the initial α′, β′ combinations led to a blocking or otherwise nonproductive structure, while the other resulted in a structure that would potentially allow for binding and incorporation of an incoming dNTP. The blocking structure in the 5′-GA\*TT-3′ sequence (SeqI) places the BP lesion immediately 3′ to the primer terminus, such that it is placed in the space that an incoming dNTP would occupy ([Supplementary Figure S23](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The non-productive structure in the 5′-TA\*GA-3′ sequence (SeqII) shows the primer terminus displaced from the active site in the 5′ direction of the primer strand, such that an incoming dNTP in its normal position would be unable to react with the terminal O3′ ([Supplementary Figure S24](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)).

In binary complex BP-dA simulations with SeqI the templating BP-dA is stabilized in the *anti* glycosidic torsion domain by several hydrogen bonds
--------------------------------------------------------------------------------------------------------------------------------------------------

The potentially productive 5′-GA\*TT-3′ sequence (SeqI) trajectory is stable, with little variation in the active site over the course of the trajectory ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movie S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). We observed a hydrogen bond between O8 on the BP adduct and *N^6^* on dA-18 ([Figure 1](#F1){ref-type="fig"}B) for the first 10 ns of the trajectory that shifts to *N^6^* on dA-17 for the last 10 ns. We also observed a hydrogen bond between O7H on the adduct and N7 on the templating base that persists for the entire trajectory ([Figure 2](#F2){ref-type="fig"}A and B, [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In addition, there is a sporadic hydrogen bond between Gln59 and N3 on the templating base throughout the last 10 ns of the trajectory, as well as a sequence-specific hydrogen bond between *N^6^* of BP-dA and N7 of dA-17, the primer terminus ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). These hydrogen bonds serve to maintain the templating BP-dA in the *anti* conformation, and also keep the bulk of the adduct from occupying the incoming dNTP binding site ([Supplementary Movie S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). This structure suggests that in SeqI, an incoming dNTP would be presented with an *anti* templating BP-dA. Moreover, the hydrogen bonds that secure the adduct in place would increase the energy barrier between *anti* and *syn* conformations of the templating BP-dA. Our previous modeling and MD simulations ([@B27]) have shown that polι can tolerate a Watson--Crick pair in the active site if the alternative requires serious enzyme or DNA distortion, which would entail an excessive expenditure of energy.

The SeqII BP-dA binary complex shows the templating *anti* BP-dA shifted toward the major groove
------------------------------------------------------------------------------------------------

The potentially productive 5′-TA\*GA-3′ sequence (SeqII) structure with *anti* templating base shows a moderately flexible templating BP-dA, with the BP rings of the adduct finding a stable position on the major groove side of the nascent duplex after ∼11 ns ([Supplementary Movie S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). No hydrogen bonds form between the BP-dA and the primer DNA strand in SeqII because there is no equivalent to the major groove side hydrogen bond acceptor dA-17 N7 in SeqI ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Instead, the BP rings extend into the major groove and pack tightly against the major groove face of the DNA duplex region for the latter half of the trajectory. This pulls the templating BP-dA toward the major groove, weakening the stacking interactions between the templating BP-dA and base 13 ([Figures 1](#F1){ref-type="fig"}B, 2C and D, [Supplementary Movie S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The sugar on the templating base remains in the hydrophobic pocket formed by Gln59, Lys60 and Leu62. This displacement of the base toward the exterior of the helix would more easily allow rotation around the glycosidic bond, facilitating a transition to the *syn* domain. In addition, the displacement of the templating base creates a more open dNTP binding pocket. This more open active site may relieve some restrictions that hinder dGTP entry in SeqI.

Most ternary complex simulations show good Pα-O3′ geometry and Mg^2+^ coordination
----------------------------------------------------------------------------------

All but one of our ternary complex simulations, including both undamaged controls and damaged BP-dA simulations, show reaction-ready active sites for the entire trajectory as determined by the following criteria based on quantum mechanical/molecular mechanical studies ([@B79]) and a high resolution DNA polymerase crystal structure ([@B80]): Pα-O3′ distance is between 3.0 and 3.5 Å ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), Pα-O3′ in-line attack angles are less than 160° ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), Mg^2+^ to Mg^2+^ distances are 3.8--4.1 Å ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), 11 of 12 electronegative atoms coordinating the two Mg^2+^ ions are within 2.2 Å of the Mg^2+^, and only the 12th coordinating atom is within 3.1 Å ([Supplementary Table S5--S6](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Polι is known to increase in fidelity with Mn^2+^ as the catalytic ion ([@B81]), perhaps due to the weaker coordination requirements of Mn^2+^ as opposed to Mg^2+^. This may explain the less than ideal coordination for one Mg^2+^ ion observed in our simulations. The only simulation that does not fit these criteria is the unmodified control simulation with incoming dATP in SeqII, which has several of the atoms coordinating the Mg^2+^ ions at distances greater than 3.1 Å. This is unsurprising; dATP has a low rate of incorporation in unmodified DNA, as would be expected with poor Mg^2+^ coordination.

Ternary complex unmodified control simulations with *syn* templating dA show well-organized active sites with incoming correct partner dTTP
-------------------------------------------------------------------------------------------------------------------------------------------

Eight control simulations with an unmodified *syn* templating dA were performed. In the primer extension experiments, there was no sequence effect observed with the unmodified controls; both sequences incorporated the correct partner dT, with minor incorporation of dG and dA, and dCTP was not measurably incorporated ([@B41]). Our simulations are in agreement with this result. In both sequences, the unmodified control simulations with incoming dTTP show two strong Hoogsteen hydrogen bonds, well-ordered active sites, coplanar bases, and the incoming dNTP stacked with the primer terminus ([Supplementary Figures S5 and S6](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movies S5 and S6](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The trajectories are stable, and these features are maintained with normal minor fluctuations in the active site region throughout the trajectories ([Supplementary Figures S5 and S6](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movies S5 and S6](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)).

Ternary complex unmodified control simulations with *anti* dA exhibit shortened C1′ to C1′ distances and loss of hydrogen bonds
-------------------------------------------------------------------------------------------------------------------------------

We also performed simulations in each sequence with *anti* templating unmodified dA and incoming dTTP to examine the stability of a Watson--Crick AT pair in polι. Both of these simulations began with a well-aligned Watson--Crick AT pair with a standard C1′ to C1′ distance of 10.6 Å. However, during the simulation, the C1′ to C1′ distance shortened to 10.1 Å in the 5′-GA\*TT-3′ sequence (SeqI) ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)) and 10.3 Å in the 5′-TA\*GA-3′ sequence (SeqII) ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)) due to constraints of the polι active site. In SeqI, the decreased C1′ to C1′ distance causes the templating dA and incoming dTTP to buckle and become misaligned, losing both Watson--Crick hydrogen bonds at ∼14 ns ([Supplementary Figure S7](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movie S7](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In SeqII, the slightly longer C1′ to C1′ distance is enabled by the displacement of the three base overhang 5′ to the templating dA (dT-14, dT-15 and dT-16) ([Figure 1](#F1){ref-type="fig"}B) toward the major groove side of the polymerase ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movie S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). dT-16 stacks with Tyr355 in the little finger domain and forms a hydrogen bond with Arg357, and dT-14 moves toward the major groove. This arrangement pulls the sugar of the templating dA away from the polymerase, moving the templating base toward the major groove and widening the C1′ to C1′ distance ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movie S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Interestingly, there is a brief period of ∼0.5 ns in the latter part of the trajectory where the C1′ to C1′ distance decreases sharply to ∼8.6 Å ([Supplementary Figure S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), forcing the templating dA into the major groove and losing hydrogen bonding similar to the conformation seen in SeqI. This decrease is brought about by the temporary resumption of the normal, stacked position of dT-14 and dT-15, though dT-16 remains stacked with Tyr355 in the little finger domain. However, the C1′ to C1′ distance lengthens as soon as the overhang moves back to the major groove side of the polymerase.

Mismatched ternary complex unmodified control simulations show disorganized active sites
----------------------------------------------------------------------------------------

The dCTP unmodified control simulations with *anti* templating base show no hydrogen bonds in either sequence, and also exhibit various active site defects, namely long C1′ to C1′ distances, poor stacking of incoming dNTP with the primer terminus, and oddly positioned templating bases ([Supplementary Figures S9 and S10](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movies S9 and S10](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Both dCTP trajectories show the templating dA moving away from the incoming dCTP, ending in a position far from the active site ([Supplementary Movies S9 and S10](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In addition, the templating dA's sugar moves out of the hydrophobic pocket formed by Gln59, Lys60 and Leu62, indicating strain.

In the undamaged control incoming dATP simulations with templating dA *syn*, we observed different outcomes in each sequence. In the 5′-GA\*TT-3′ sequence (SeqI), the dA--dA mispair shows a buckling of the nascent base pair, with the formation of one hydrogen bond between *N^6^* on the templating base and N1 on the incoming dATP ([Supplementary Movie S11](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S11](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In the 5′-TA\*GA-3′ sequence (SeqII), the templating dA is completely displaced from the active site, and the incoming dATP is stacked poorly with primer terminus ([Supplementary Movie S12](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S12](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). These two poorly organized active sites both support the experimental results showing little dATP incorporation in the unmodified case ([@B41]).

Unmodified control simulations with incoming dGTP and templating dA *syn* also show two strained active site conformations. In SeqI, the incoming dGTP forms two hydrogen bonds with the templating dA: one is between dA *N^6^* and dGTP *O^6^*, while the other is a bifurcated hydrogen bond where dA N7 and dA N1 hydrogen bond with dGTP *N^2^* ([Supplementary Figure S13](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The nascent base pair buckles and twists in an attempt to minimize the C1′--C1′ distance ([Supplementary Movie S13](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). SeqII achieves the same hydrogen bonds, but occasionally the templating dA moves away from the active site, similar to the behavior exhibited with incoming dATP in SeqII ([Supplementary Movie S14](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S14](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). These results support the poor dGTP incorporation observed experimentally in much the same fashion as the dATP simulations above.

Overall, the unmodified control simulations with templating dA *syn* show that of the four incoming dNTPs, only dTTP can form a stable, well-organized active site. Incoming dATP and dGTP exhibit defects in both sequences, helping to explain the similarly weak incorporation profile observed in primer extension experiments ([@B41]). Incoming dCTP simulations show very disorganized active sites, supporting the lack of dCTP incorporation in the primer extension experiments ([@B41]).

Ternary complex BP-dA simulations of both sequences show well-organized active sites with incoming dTTP utilizing Watson--Crick base pairing in SeqI and Hoogsteen base pairing in SeqII
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The BP-dA ternary complex simulation with incoming dTTP in the 5′-GA\*TT-3′ sequence (SeqI) shows an *anti* template and an *anti* incoming nucleotide, forming a classical Watson--Crick pair ([Figure 3](#F3){ref-type="fig"}A and B). Both Watson--Crick hydrogen bonds are present and strong, and the active site is well organized, with good base stacking ([Figure 3](#F3){ref-type="fig"}A and B, [Supplementary Figure S15](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The trajectory is very stable, with only subtle fluctuations in the active site geometry ([Supplementary Movie S15](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In the 5′-TA\*GA-3′ sequence (SeqII) with *syn* templating BP-dA, the incoming dTTP simulation performed well, with a normal Hoogsteen dA--dT pair with two hydrogen bonds ([Figure 3](#F3){ref-type="fig"}C and D, [Supplementary Figure S16](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Base stacking of the damaged template is somewhat disrupted, with the templating BP-dA extending toward the major groove, similar to the position observed with the SeqII binary BP-dA complex ([Figure 3](#F3){ref-type="fig"}C and D, [Supplementary Figure S16](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movie S16](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The SeqII trajectory is also fairly stable, with few changes in active site organization throughout the trajectory ([Supplementary Movie S16](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In both sequences, incoming dTTP forms the active site with the strongest hydrogen bonds and best overall organization among the four incoming dNTPs, as is to be expected from the predominantly error-free bypass seen in the experimental data ([@B41]) ([Figure 3](#F3){ref-type="fig"}, [Supplementary Figures S15--S16](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)).

Ternary complex BP-dA simulations of both sequences show disorganized actives sites with incoming dCTP
------------------------------------------------------------------------------------------------------

Both simulations with incoming dCTP displayed distorted active sites, though the bulky adduct seems to prevent the more extreme displacement of the templating BP-dA toward the little finger domain and very wide C1′--C1′ distances observed in the unmodified control simulations ([Supplementary Figures S9, S10, S17, S18](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). No base pairing is observed between the templating BP-dA and the incoming dCTP in either case, and the base pair geometry is distorted in both sequences, leading to long C1′--C1′ distances ([Supplementary Figures S17--S18](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Both simulations show a flexible templating base, with the SeqII slightly more mobile than SeqI ([Supplementary Movies S17--S18](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The poor performance of the incoming dCTP simulations is unsurprising given the unstable nature of dC--dA mismatches ([@B82]) as well as the low proportion of dCTP incorporation that is observed in both sequences ([@B41]).

Ternary complex BP-dA simulations show strained active sites for incoming dATP in both sequences
------------------------------------------------------------------------------------------------

The BP-dA simulation with incoming dA in the 5′-GA\*TT-3′ sequence (SeqI) shows an active site very similar to the SeqI unmodified dATP control simulation described above ([Supplementary Movie S11](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S11](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), with a BP-dA *N^6^* to dATP N1 hydrogen bond and a buckled and twisted nascent base pair ([Supplementary Movie S19](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S19](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). This strained active site is consistent with the primer extension data which shows low levels of dA incorporation opposite both SeqI BP-dA and undamaged template. In the 5′-TA\*GA-3′ sequence (SeqII), our simulations show the BP-dA moving toward the major groove and twisting, with no hydrogen bonding between the template and incoming dATP, similar to the SeqII binary complex ([Figure 2](#F2){ref-type="fig"}C and D, [Supplementary Movie S19](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S19](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)).

In both SeqI and SeqII dATP simulations, the sugar of the templating base is held in the hydrophobic pocket formed by Gln59, Lys60 and Leu62. This causes distortions in the mismatched pair in order to attain a C1′-- C1′ distance of ∼10 Å, which can be accommodated within polι according to MD simulations ([@B27]) ([Supplementary Figures S19, S20](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In both cases, the templating BP-dA moves toward the major groove and twists in order to allow the incoming dNTP to occupy the active site ([Supplementary Movie S19, S20](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). These strained conformations support the relatively low rate of dA misincorporation seen in the primer extension experiments ([@B41]).

Ternary complex BP-dA simulations with incoming dGTP show differences in hydrogen bonding between SeqI and SeqII that may explain an observed enhanced efficiency of dGTP incorporation in SeqII
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The SeqI and SeqII simulations with incoming dGTP may help explain the ∼14-fold greater dGTP misincorporation efficiency in SeqII as compared to SeqI, based on the ratios of their V~max~/K~m~ values ([@B41]). In the 5′-GA\*TT-3′ sequence (SeqI) simulation with incoming *syn* dGTP and *anti* BP-dA, the purine--purine mismatch cannot be accommodated in the narrow active site of polι, resulting in the displacement of the templating BP-dA away from the active site and toward the little finger domain ([Supplementary Movie S21](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). The C1′--C1′ distance increases to ∼12 Å, and the sugar on the templating BP-dA disengages from the hydrophobic pocket that normally holds it ([Figure 4](#F4){ref-type="fig"}A and B). There are no hydrogen bonds between the incoming dGTP and the templating BP-dA ([Figure 4](#F4){ref-type="fig"}A and B, [Supplementary Figure S21](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). This disorganized active site shows considerable strain, supporting the observed dearth of dGTP incorporation in SeqI ([@B41]).

In the 5′-TA\*GA-3′ sequence (SeqII), the *syn* BP-dA is very flexible, with early conformations resembling the incoming dGTP SeqII unmodified controls ([Supplementary Figures S13--S14](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). As the simulation progresses, the templating BP-dA shifts toward the major groove and twists, forming a bifurcated hydrogen bond between N1 and *N^2^* on the *anti* dGTP and N7 on the templating BP-dA. BP-dA *N^6^* forms a second hydrogen bond with dGTP *O^6^*, though it later shifts to *O^6^* on dG-12 ([Figures 1](#F1){ref-type="fig"}B, 4C and D). The C1′--C1′ distance is ∼10.5 Å, and the sugar of the templating BP-dA is held in place by residues Gln59, Lys60 and Leu62 ([Figure 4](#F4){ref-type="fig"}C and D, [Supplementary Movie S22](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Figure S22](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Thus the active site in SeqII exhibits better organization than in SeqI, supporting the increased relative efficiency of dGTP incorporation.

It should be noted that in order to accommodate a wider C1′--C1′ distance in the Watson--Crick BP-dA/dTTP pair as well as in the purine/purine mismatches, residues Gln59, Lys60 and Leu62 move ∼2 Å relative to the remainder of the fingers domain and the active site. The protein-active site is otherwise essentially unchanged in these structures.

DISCUSSION
==========

We performed binary complex simulations containing only DNA and the enzyme with the templating dA *anti* in order to better understand the structure of the active site without an incoming dNTP. The templating base was in the *anti* conformation in all binary complex simulations in accordance with the published binary complex crystal structures ([@B15]). Both sequences exhibited one blocking or nonpermissive conformation, and one that would allow entrance of a dNTP. In the permissive structures, hydrogen bonding partners available to the hydroxyl residues on the BP adduct resulted in different conformations for the templating base. In the 5′-GA\*TT-3′ sequence (SeqI) bases 17 and 18 on the primer strand are dA ([Figure 1](#F1){ref-type="fig"}B). This presents the adduct with the opportunity to hydrogen bond to *N^6^* on these primer terminal residues. This in turn positions the adduct so that one of the hydroxyl groups can hydrogen bond to N7 on the templating base. Nε2 on Gln59 also hydrogen bonds with N3 on BP-dA for the latter half of the trajectory ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Together, these hydrogen bonds stabilize an *anti* template conformation, leading to correct selection of dTTP via a Watson--Crick base pair. In SeqII, however, the primer terminal residues are dC and dT, both of which fail to present an accessible hydrogen bonding partner for the BP hydroxyl groups ([Figure 1](#F1){ref-type="fig"}B). Therefore, in the 5′-TA\*GA-3′ sequence (SeqII), BP-dA is more flexible and can assume a different conformation, which pulls the templating dA toward the major groove in order to maximize van der Waals contacts between the BP rings system and the nascent double helix ([Figure 1](#F1){ref-type="fig"}B and D, [Supplementary Figures S4 and S26](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In this position, the BP-dA would be able to rotate from *anti* to *syn* upon entry of the dNTP with relative ease, leading to the predominant correct dTTP selection via a Hoogsteen base pair, similar to unmodified DNA.

While both sequences correctly incorporate dT in favor of mismatched nucleotides, SeqII incorporates dG with ∼14-fold higher efficiency than SeqI ([Table 1](#T1){ref-type="table"}) ([@B41]). Our simulations suggest that this difference could be due to the glycosidic bond conformation favored in each sequence: *anti* in the 5′-GA\*TT-3′ sequence (SeqI) and *syn* in the 5′-TA\*GA-3′ sequence (SeqII). The *syn* BP-dA is able to form a bifurcated hydrogen bond between N1 and *N^2^* on dGTP and N7 on the templating BP-dA as well as a second hydrogen bond between BP-dA *N^6^* and *O^6^* on the incoming dGTP or base dG-12 ([Figures 1](#F1){ref-type="fig"}B, 4C and D). *Anti* BP-dA cannot form any hydrogen bond with incoming dGTP ([Figure 4](#F4){ref-type="fig"}A and B, [Supplementary Figure S21](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), suggesting a rationale for the relatively decreased efficiency of dGTP incorporation in SeqI. In addition, the *anti* template conformation in SeqI leads to longer C1′--C1′ distances, which are known to be disfavored in polι ([@B14]). Table 1.*V*~max~/*K*~m~ values for incorporation of all four nucleotides opposite BP-dA in SeqI and SeqIIdATPdCTPdGTPdTTPSeqI (5′-GA\*TT-3′)0.0110.0010.00121.21SeqII (5′-TA\*GA-3′)0.030.00140.0172.04[^1]

Our data shows that polι can tolerate both Hoogsteen and Watson--Crick compatible C1′--C1′ distances in the active site, but with a preference for shorter distances. However, C1′--C1′ distances beyond ∼10.6 Å are more strongly disfavored. The preferred shorter C1′--C1′ distance qualitatively explains several observed differences in incorporation efficiency among the different sequences and incoming dNTPs ([Table 1](#T1){ref-type="table"}). For example, the efficiency (*V*~max~/*K*~m~) of dGTP incorporation opposite *syn* BP-dA in SeqII ([Table 1](#T1){ref-type="table"}), with a C1′--C1′ distance of 10.1 Å ([Supplementary Figure S20](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), is ∼14-fold greater than that of dGTP incorporation opposite *anti* BP-dA in SeqI, with a C1′--C1′ distance of 12.2 Å ([Supplementary Figure S19](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). This preference for shorter C1′--C1′ distances can also explain the ∼1.7-fold greater efficiency for incorporation of dTTP opposite the BP-dA lesion via a Hoogsteen base pair (∼8.9 Å C1′--C1′ distance) in SeqII compared to SeqI, where dTTP is incorporated via a Watson--Crick pair (∼10.6 Å C1′--C1′ distance) ([Table 1](#T1){ref-type="table"}, [Figure 3](#F3){ref-type="fig"} and [Supplementary Figures S15, S16](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Another example is the case of dATP incorporation opposite *anti* BP-dA in SeqI as compared with dGTP incorporation in the same sequence: here, the incorporation efficiency for dATP is ∼9-fold greater than for dGTP ([Table 1](#T1){ref-type="table"}), in line with the respective C1′--C1′ distances of 9.8 and 12.2 Å ([Supplementary Figures S19 and S21](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). Also, the larger 12.2 Å C1′--C1′ distance allows only one hydrogen bond with partial occupancy between *anti* BP-dA and incoming dGTP ([Supplementary Figure S21](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), while with the 9.8 Å distance in the dATP simulation one high-occupancy hydrogen bond forms between the *anti* BP-dA and dATP ([Supplementary Figure S19](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In SeqII, the similar efficiency of dATP and dGTP (∼1.8-fold difference in efficiency) ([Table 1](#T1){ref-type="table"}) is in concert with their similar C1′--C1′ distances of 9.5 Å for dATP ([Supplementary Figure S20](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)) and 8.2 Å for dGTP ([Supplementary Figure S22](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), both opposite *syn* BP-dA.

Our results from the *anti* templating unmodified dA with incoming dTTP simulations are also interesting. Both simulations show a shortened C1′--C1′ distance ([Supplementary Figures S7--S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)), showing agreement with prior studies indicating that polι does not favor a Watson--Crick pair with undamaged DNA ([@B14; @B15; @B16],[@B25],[@B26]). In SeqI, the Watson--Crick AT pair buckles under the strain, losing both hydrogen bonds ([Supplementary Movie S7](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). In SeqII, the templating dA is pulled toward the major groove by a movement of the bases 5′ to the templating dA, allowing for a slightly longer C1′--C1′ distance (10.3 Å) than observed in SeqI (10.1 Å) ([Supplementary Figures S7--S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1), [Supplementary Movie S8](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). This adaptation is similar to that observed in our previous study with a Watson--Crick unmodified GC pair in polι ([@B27]).

The biological function of human DNA polymerase ι has been something of a mystery since its discovery and characterization over a decade ago ([@B13]). Polι knockout mice show no unusual phenotype, though they are more susceptible to urethane-induced mutations than control mice ([@B83]). Mice deficient in polι also appear prone to formation of mesenchymal tumors ([@B84]). Polι is capable of bypassing a wide variety of DNA lesions in *in vitro* studies, but which lesions are bypassed by polι in animals has been less certain. However, evidence has been accumulating about which strongly supports the role of polι in bypass of thymine dimers in an error-prone fashion ([@B84],[@B85]), notably in human XPV-derived cells, which lack functional polymerase η ([@B86],[@B87]). Whether polι is involved in the bypass of bulky lesions in humans, such as those derived from the BP metabolites examined in this study, remains to be determined.

Our application of a quality threshold clustering algorithm aids in understanding the dynamic structural properties of long trajectories; and its employment in clustering MD trajectories is new, as far as we are aware. As computing power increases, MD simulations are being performed on longer and longer time scales, and more initial structures are created and examined. This leads to a superabundance of data, and necessitates novel approaches for organizing and analyzing output. Looking for structural motifs in a trajectory of 20 000 + frames by eye is a daunting and error-prone task. Therefore, we have adapted and implemented an algorithm for clustering MD trajectories in order to understand the dynamic structural properties of the system, the details and rationale of which are given in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1). We clustered our trajectories and selected the most representative frame from each cluster, i.e. the member of a cluster with the lowest active site RMSD to all other cluster members. These most representative structures allow us to facilely achieve an understanding of the substates sampled in our simulations. Animations derived from the most representative structures of each cluster are demonstrated in [Supplementary Movies S1--S22](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1).

Stable structures often exhibit only normal thermal motions over the trajectory, but the clustering approach can facilitate the discovery of rarely sampled substates or periodic motions in the system that could otherwise be lost. An example from the current work is the unmodified control simulation in the 5′-TA\*GA-3′ sequence (SeqII) with incoming dGTP. In the incoming dGTP simulation, the templating base is often aligned with the incoming dGTP, but on occasion it leaves the active site and moves toward the little finger domain ([Supplementary Movie S14](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1)). This fluctuation between the two positions would be masked by examining only the latter portion of the trajectory or ensemble average data values.

The application of this clustering algorithm to MD simulations generates a wealth of additional data about the trajectories analyzed. While development of techniques to take advantage of this information is beyond the scope of this article, there are a number of possible ways to potentially gain insight by the analysis of clustering metadata. For example, the number of clusters returned by our algorithm may indicate the inherent barriers to transition between different substates, or the percentage of frames not in a cluster may indicate the flexibility of a given protein or complex. If cluster metadata were combined with other energetic analysis techniques, one could access the relationship of cluster size and membership to relative free energy, enthalpy and entropy ([@B88]). Future analysis using this clustering method has potential to give deeper insight into the energetics and dynamics of long MD trajectories.

CONCLUSION
==========

Our MD simulations are in agreement with the observation ([@B41]) that human DNA polymerase ι can incorporate dT opposite a BP-dA adduct in a relatively error-free manner. We find that the local sequence context can, through specific hydrogen bonds, influence the glycosidic bond conformation of the templating base, leading to dT incorporation via a Watson--Crick base pair in a 5′-CAGA\*TT-3′ sequence context (SeqI) and via a Hoogsteen base pair in a 5′-TTTA\*GA-3′ sequence context (SeqII). Moreover, this same sequence-specific effect can offer a structural rationale for the greater efficiency of mutagenic dGTP incorporation in SeqII as compared to SeqI. Polι's versatility implies that this enzyme can adjust to local structural conditions in order to bypass bulky lesions by strategies that utilize Watson--Crick, Hoogsteen and perhaps other base pairing possibilities ([@B17]). There is an emerging accumulation of data indicating that polι can act as an error-prone backup to other bypass polymerases, notably polη ([@B86],[@B87]). Polι's structural versatility may be related to such a backup role, providing it with the capability to bypass various lesions, albeit with mutagenic consequences in some cases.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp745/DC1) are available at NAR Online.
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[^1]: *Source*: Ref. ([@B41]). The units of *V*~max~/*K*~m~ are the percentage of primer extension product/min/μmol nucleotide.
